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HIGHLIGHTS 


►  The  dye  sensitized  solar  cell  owns 
relatively  high  efficiency. 

►  The  fabrication  method  is  greatly 
effective  and  low-cost. 

►  A  facile  pore-forming  precursor  is 
employed. 

►  The  counter  electrode  owns  unique 
hierarchical  porous  structure. 

►  A  theoretical  simulation  convinc¬ 
ingly  demonstrates  the  experi¬ 
mental  results. 
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A  nano-carbon  composite  with  unique  hierarchical  porous  structure  has  been  effectively  fabricated  as 
dye  sensitized  solar  cell  (DSSC)  counter  electrode  material  by  a  simple  and  low-cost  way.  The  fabrication 
process  only  employs  spin-coating  and  then  combustion  by  using  sodium  lauryl  sulfate  as  a  facile  pore¬ 
forming  precursor.  The  generated  composite  reveals  high  catalytic  ability  coupled  with  low  electrical 
resistance  owing  to  its  unique  structure.  The  power  conversion  efficiency  of  the  resulting  DSSC  device 
reaches  6.5%,  which  is  close  to  6.6%  of  the  referenced  DSSC  by  using  platinum  as  the  counter  electrode.  A 
mass  transfer  model  is  built  and  it  convincingly  demonstrates  that  the  composite  architecture  is  bene¬ 
ficial  to  carrier  transport.  The  fabrication  strategy  is  simple  and  effective,  and  it  has  a  great  potential  to  be 
applied  to  DSSC  fabrication  on  a  large  scale. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

To  date,  the  dye  sensitized  solar  cells  (DSSCs)  have  attracted 
more  and  more  attention  for  its  advantages  of  low  production  costs 
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and  high  energy-conversion  efficiencies,  especially  when  an  effi¬ 
ciency  record  of  12%  was  established  recently  [1-4].  A  typical  DSSC 
has  a  sandwich-like  structure  including  illuminated  photoanode, 
counter  electrode  (CE)  and  redox  electrolyte.  A  general  CE  is 
a  fluorine-doped  tin  oxide  (FTO)  conducting  glass  coated  by  plat¬ 
inum  (Pt)  film.  As  a  nobler  metal,  Pt  is  expensive  even  though  it 
brings  high  catalytic  ability  [1,2].  Hence,  a  number  of  low-cost 
alternatives  with  high  catalytic  ability  have  been  explored, 
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including  carbon-based  materials,  polyaniline,  poly  (3,4-ethylene 
dioxythiophene)  and  their  combinations  [5-15]. 

Due  to  its  large  surface  area,  one-dimensional  carbon  nano¬ 
material  (OCN),  such  as  carbon  nanotubes  (CNTs)  and  nanofibers 
(CNFs),  reveals  admirable  catalysis  activity  for  DSSC  CE  [7-10].  The 
highest  efficiency  of  10%  is  obtained  based  on  a  CE  with  an  aligned 
carbon  nanotubes  [10].  Elowever,  its  fabrication  employs  a  complex 
chemical  vapor  deposition  system.  The  flame  synthesis  is  relatively 
simple  and  low  cost,  and  it  has  been  widely  applied  to  fabricate 
OCN  [16-18].  The  generated  OCN  reveals  good  electrical  connec¬ 
tivity,  which  is  similar  to  aligned  carbon  nanotubes.  Elowever,  its 
catalytic  ability  is  not  high  enough.  For  enhancement  of  the  cata¬ 
lytic  ability,  the  conventional  way  is  to  increase  the  quantity  of  OCN 
by  increasing  the  quantity  of  its  inductor  in  fabrication  process  [7]. 
However,  the  inductor’s  quantity  is  restricted.  Only  the  inductor  in 
nanoscale  range  can  validly  induce  OCN’s  growth,  and  the  excess 
will  make  the  OCN  yield  to  decrease.  In  addition,  there  is  another 
way  to  enhance  the  catalytic  ability  by  enlarging  of  the  surface  area 
of  ready-made  OCN.  It  is  operated  by  dispersing  the  original  OCN  in 
solution  and  then  recoating  it  on  substrate  [19,20].  However,  this 
method  is  very  complex. 

In  this  paper,  a  simple  and  effective  method  is  developed  to 
enhance  the  OCN’s  catalytic  ability.  The  fabrication  process  only 
employs  spin-coating  and  then  combustion  in  ethanol  flame  by 
using  a  facile  pore-forming  precursor  of  sodium  lauryl  sulfate 
(Ci2H25Na04S,  K12).  The  generated  CNTs  and  CNFs  composite 
(CNNC)  owns  unique  hierarchical  porous  structure,  results  in  the 
high  catalytic  ability  coupled  with  low  electrical  resistance.  The 
power  conversion  efficiency  of  the  resulting  DSSC  device  reaches 
6.5%,  which  is  close  to  6.6%  of  the  referenced  DSSC  by  using  Pt- 
based  CE.  Systematic  characterizations  are  presented  and  a  mass 
transport  model  is  built.  The  simulation  results  demonstrate  that 
the  composite  structure  is  beneficial  to  carrier  transport.  The 
procedure  is  simple  and  effective,  and  it  has  a  great  potential  to  be 
applied  to  DSSC  fabrication  on  a  large  scale. 


Fig.  1.  Schematic  of  the  DSSC  with  the  hierarchical  porous  CNNC  CE. 


Aqueous  solution  including  different  content  of  NiS04  and  K12 
were  prepared  in  70  °C.  Then,  a  layer  of  solution  was  spin-coated  on 
a  Ti  foil.  After  inartificial  dried  in  air  for  30  min,  the  coated  foil  was 
moved  into  an  ethanol  flame  for  5  min.  The  detailed  flame 
synthesis  method  can  refer  to  the  literature  [16].  The  referenced  Pt 
CE  was  fabricated  by  sputtering  a  thin  layer  of  Pt  on  ITO  substrate. 

The  weight  of  each  CNNC  CE  was  measured  before  the  solution 
was  coated  and  after  the  substrate  was  combusted,  and  denoted  as 
mo  and  mi,  respectively.  Then,  the  weight  of  the  generated  CNNC  is 
obtained  by  mi  -  mo.  The  surface  area  of  substrate  is  mo/psubstrate/ 
^substrate*  where  the  pSUbstrate  means  the  density  of  Ti  material  set  as 
4.5  g  cm-3,  and  the  dSubstrate  is  the  thickness  of  the  substrate, 
measured  as  0.02  cm.  Then,  the  weight  of  CNNC  per  square  centi¬ 
meter  (mcNNc)  is  (mi  -  m0)/(m0/Psubstrate/dsubstrate). 

2.3.  Preparation  of  photoanodes 


2.  Experimental  details 

2 A.  Materials 

Ti  foil  (purity  99.7%),  tetrabutyl  titanate,  diethanol  amine, 
ethanol,  hydrochloric  acid,  nitric  acid,  glacial  acetic  acid,  poly¬ 
ethylene  glycol,  acetonitrile,  propylene  carbonate  (PC),  nickel 
sulfate  hexahydrate  (NiS04-6H20,  NiS04)  and  I<12  were  obtained 
from  Sinopharm  Chemical  Reagent  Corporation  (China).  PMII  (1- 
methyl-3 -propyl  imidazolium  iodide),  Iodine  (I2,  AR),  4-tert- 
butylpyridine  (TBP)  and  guanidine  thiocyanate  (GuSCN)  were 
purchased  from  Aladdin-reagent.  The  Ru  dye  (cis-di(thiocyanato))- 
N-N/-bis(2,2'-bipyridyl-4-carboxylic  acid-4-tetrabutylammonium 
carboxylate)  ruthenium  (II)  (N719),  was  purchased  from  Solaronix 
(Switzerland).  Lithium  iodide  (Lil,  99.99%)  and  titanium  isoprop- 
oxide  were  obtained  from  Acros.  All  the  reagents  not  indicated 
were  of  analytical  purity.  FTO  glass  with  sheet  resistance  about 
14  Q  sq-1  and  indium  tin  oxide  (ITO)  glass  with  sheet  resistance 
about  8  O  sq-1,  were  purchased  from  Asahi  Glass  (Japan). 

2.2.  Preparation  and  measurement  of  CEs 

The  as-prepared  cell  is  illustrated  in  Fig.  1  with  the  hierarchical 
CNNC  as  CE.  The  Ti  substrates  were  firstly  polished  with  graded 
roughness  abrasive  papers  and  then  rinsed  with  detergent  and 
deionized  water.  Next,  the  substrates  were  soaked  in  dilute 
hydrochloric  acid  for  30  min,  and  then  be  sonicated  10  min  in 
ethanol  and  10  min  in  acetone. 


The  photoanodes  were  prepared  according  to  the  literature 
[5,21,22].  A  compact  Ti02  solution  and  a  porous  Ti02  gel  were 
prepared.  Firstly,  a  50  nm  compact  Ti02  film  was  coated  on  a  clean 
FTO  substrate  by  spin-coating  method  and  retained  at  550  °C  for 
30  min.  Then,  a  porous  Ti02  film  of  14  pm  was  coated  on  compact 
layer  by  doctor-blade  method,  subsequently  retained  at  500  °C  for 
30  min.  After  cooled  to  120  °C,  the  substrates  were  dipped  into 
0.3  mM  N719  ethanol  solution  and  kept  at  60  °C  for  12  h  so  as  to 
absorb  the  dye  adequately. 

2.4.  Characteristics 

The  morphology  of  composite  CE  material  was  observed  by 
scanning  electron  microscopy  (SEM,  JSM  6700F)  and  high  resolu¬ 
tion  transmission  electron  microscopy  (HRTEM,  JEOL  JEM  2010). 

The  photovoltaic  characteristics  were  recorded  by  a  standard 
ABET  Sun  2000  Solar  Simulator  under  100  mW  cm-2,  AM  1.5 
simulated  irradiation.  The  electrolyte  contains  1  M  PMII,  0.04  M  Lil, 
0.03  M  I2,  0.1  M  GuSCN  and  0.5  M  TBP  in  a  solution  of  acetonitrile 
and  PC  (v:v  =  1:1).  Cyclic  voltammetry  (CV),  Tafel  polarization 
measurement  and  electrochemical  impedance  spectroscopy  (EIS) 
were  measured  with  a  symmetrical  dummy  CE-CE  cell.  The  iden¬ 
tical  CEs  were  separated  by  a  Teflon  film  of  100  pm  (dSpace)- 
Photocurrent  density— voltage  (J—V)  characteristics,  CV,  Tafel  and 
EIS  were  collected  using  a  CHI  660D  electrochemical  workstation 
(ShangHai,  China).  Irradiated  area  of  the  cells  was  kept  as  0.25  cm2 
in  J—V  measurements.  The  EIS  was  performed  with  the  frequency 
ranging  from  100  kHz  to  0.1  Hz  at  zero  bias  potential.  The  BET 
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(Brunauer— Emmett-Teller)  surface  area  and  porosity  was 
measured  by  a  static  nitrogen  adsorption  instrument  in  77  I<  (JW- 
BK,  Beijing,  China).  The  Raman  spectra  were  measured  with  488  nm 
laser  excitation  by  a  LabRAM  HR800. 

3.  Numerical  simulation 

3.1.  Simulation  procedure 

The  entire  DSSC  device  is  simulated  by  a  mass  transport  model 
with  finite  element  method  refers  to  the  literature  [23-25].  In 
literature,  the  cell  is  modeled  as  a  one-dimensional,  pseudo- 
homogeneous  medium,  which  is  intermixed  by  porous  Ti02,  dye 
and  electrolyte  when  the  CE  is  a  planar  Pt  [23].  Yet  in  this  paper  the 
porous  CNNC  is  added  in  the  medium  when  the  CE  is  switched  to 
porous  CNNC.  Fig.  1  illustrates  the  modeled  region  in  the  real  DSSC 
device.  It  is  in  the  range  of  0  to  d  on  the  x-axis,  where  x  =  0  and  x  =  d 
mean  the  interfaces  of  FTO  to  compact  Ti02,  and  CNNC  layer  to  the 
Ti  substrate,  respectively.  The  carriers  being  studied  here  involve 
the  electrons,  iodide  P,  triiodide  IT  and  cation.  They  are  driven  by 
continuity  equations  and  transport  equations.  The  inner  macro¬ 
scopic  electric  field  is  calculated  by  using  Poisson’s  equation.  These 
differential  equations  and  related  boundary  conditions  refer  to 
those  in  the  literature  [23]. 

3.2.  The  functional  parameters  for  simulation 

The  functional  simulation  parameters  related  to  the  investigated 
CE  are  obtained  according  to  the  experiment  results  in  this  paper. 
The  porosity  was  measured  by  the  static  nitrogen  adsorption 
instrument.  The  serial  resistance  Rs  was  extracted  from  the  fitting 
values  of  Nyquist  plots.  The  length  of  model  medium  (d)  was 
calculated  by  d  =  dTic>2  +  dcNNC-  Here,  dTi02  and  dCNNC  are  the 
thicknesses  of  porous  Ti02  layer  on  photoanode  and  CNNC  layer  on 
CE,  respectively.  The  diffusion  coefficient  (D)  of  IT  (D^)  was 
extracted  by  measuring  the  limiting  current  density  C/iim)  from  CV 
plots  with  the  symmetrical  dummy  cells.  The  initial  concentration 
of  IT  (rii-  o)  equals  to  that  of  I2.  When  Jiim  are  measured,  DIs  can  be 
obtained  by  Dj3  =  Jlim  •  dc es  /  (4Fnl3  0 ),  where  F  is  Faraday’s  constant, 
dcEs  is  the  distance  between  two  CEs  with  dcEs  =  2  x  dcNNC  +  dspaCe- 
The  diffusion  coefficient  of  P  is  assumed  as  the  same  as  that  of  IT- 

4.  Results  and  discussion 

4.1.  J-V  characteristics 

For  investigating  the  quantity  influence  of  the  NiS04  and  I<12 
on  the  performance  of  DSSC  device,  a  series  of  CEs  are  fabricated 
with  different  NiS04  and  K12  contents.  The  J-V  characteristics  are 
shown  in  Fig.  2,  and  related  results  such  as  open  circuit  voltage 
(Voc).  short  current  density  (/sc).  AH  factor  (FF)  and  power 
conversion  efficiency  (PCE),  are  listed  in  Table  1.  It  is  clearly 
illustrated  that  the  content  effect  is  remarkable.  With  0.250  M 
NiS04  and  2  mM  K12  (CE2),  the  cell  achieves  a  high  efficiency 
of  6.5%,  which  approaches  6.6%  of  the  referenced  Pt-based 
DSSC  (CEO). 

4.2.  Morphology  characteristics  of  CEs 

For  study  the  roles  of  NiS04  and  K12  on  the  CE  morphology,  the 
CNNC  CEs  are  visualized  by  SEM  on  various  magnifications.  Two 
typical  CEs  are  shown  in  Fig.  3.  The  CE2  gives  the  cell  the  highest 
PCE  among  these  CNNC  CEs.  Compared  to  CE2,  the  CE4  is  fabricated 
with  the  same  NiS04  content  but  without  I<12.  As  shown  in  Fig.  3 
(al-3),  the  CE4  exhibits  a  homogeneous  surface  composed  of 
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Fig.  2.  The  photovoltaic  J-V  curves  (upper  part)  and  dark  J-V  curves  (lower  part)  of 
DSSCs. 


small-size  nanostructure.  Whereas  the  CE2  (Fig.  3  (bl— 2))  exhibits 
a  ridge-like  surface.  The  under-layer  (Fig.  3  (b3.1))  is  similar  to  CE4, 
yet  the  top-layer  (Fig.  3  (b3.2))  shows  relatively  bulkier  nano¬ 
structure.  These  features  are  more  obvious  in  cross  section  views 
(Fig.  3  (a4)  and  (b4)),  indicating  the  CE2  prepared  with  the  I<12  is 
hierarchical.  This  feature  is  also  observed  on  other  CNNC  CEs 
prepared  with  the  I<12,  as  shown  in  Fig.  4. 

In  general,  the  as-generated  nanostructure  prepared  without 
the  K12  is  almost  compact  and  even  partly  block  at  bottom  (Fig.  3 
(a4)  for  CE4).  With  a  small  concentration  ratio  of  the  I<12  to 
NiS04,  a  porous  nanostructure  is  generated  with  a  clear  boundary 
to  the  compact  part  (Fig.  4  (b)  for  CE3,  Fig.  3  (b4)  for  CE2).  With  the 
increase  of  concentration  ratio,  the  forementioned  boundary  turns 
unobvious  (Fig.  4  (a)  for  CE1,  Fig.  4  (c)  for  CE5).  With  the  biggest  K12 
to  NiS04  ratio,  almost  only  porous  part  is  shown  (Fig.  4  (d)  for  CE6). 
These  illustrate  the  K12  dramatically  affects  the  hierarchical 
feature. 

The  relatively  compact  even  block  part  is  named  as  compact 
layer,  and  the  relatively  porous  part  is  named  as  porous  layer.  The 
two  layers  are  clearly  indicated  as  region  A  and  B,  respectively,  in 
related  SEM  images.  The  thicknesses  of  compact  (dcompact)  and 
porous  layers  (dporous)  are  measured  and  the  entire  nano-carbon 
thickness  (dCNNc)  are  calculated  by  dCNNC  =  dcomPact  +  dporous,  lis¬ 
ted  in  Table  2.  For  the  CE1  and  CE5,  only  c/cnnc  values  are  given 
because  of  the  unclear  boundaries  as  mentioned  above.  Specifically, 
in  the  case  of  same  I<12  concentration,  the  dCOmPact  increases  and 
dp0rous  changes  slightly  with  increasing  NiS04  concentration.  In  the 
case  of  same  NiS04  concentration,  the  dporous  increases  and  dCOmPact 
almost  remain  unchanged  with  increasing  K12  concentration. 


Table  1 

The  J-V  characteristics  of  the  DSSCs.3 


CE 

NiS04  (M)  I<12 
(mM) 

Voc  (V) 

Jsc(mAcm  2 

)  FF 

PCE  (%) 

CEO 

- 

- 

0.70  ±  0.02 

14.7  ±  0.1 

0.64  dh  0.01 

6.6  ±  0.3 

CE1 

0.125 

2 

0.77  dh  0.03 

11.1  dh  0.1 

0.69  dh  0.02 

5.9  ±  0.3 

CE2 

0.250 

2 

0.76  dh  0.03 

12.5  dh  0.1 

0.69  dh  0.02 

6.5  dh  0.4 

CE3 

0.500 

2 

0.76  dh  0.03 

8.2  ±  0.1 

0.68  ±  0.02 

4.2  dh  0.3 

CE4 

0.250 

0 

0.73  ±  0.03 

13.0  ±  0.2 

0.63  dh  0.03 

6.0  dh  0.5 

CE5 

0.250 

4 

0.73  dh  0.03 

12.9  ±  0.1 

0.66  ±  0.02 

6.2  dh  0.4 

CE6 

0.250 

6 

0.70  dh  0.03 

11.8  ±  0.1 

0.65  ±  0.02 

5.4  dh  0.3 

a  The  results  with  standard  error  are  obtained  by  five  samples. 
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Fig.  3.  The  SEM  images  of  CE4  and  CE2  on  various  magnifications.  CE4:  top  view  (al,  a2,  and  a3),  side  view  (a4).  CE2:  top  view  (bl,  b2,  b3.1  and  b3.2),  side  view  (b4). 


These  indicate  the  NiS04  and  K12  concentration  directly  determine 
the  dcompact  and  dporous  values,  respectively,  and  they  co-determine 
the  entire  dcNNC  values. 

Furthermore,  the  composite  on  CE2  is  depicted  by  HRTEM,  as 
shown  in  Fig.  5.  The  larger-size  CNF  (Fig.  5  (a),  (b)  and  (d))  reveals 
coarser  surface  than  the  small-size  CNT  (Fig.  5  (c)).  These  maybe 
mean  the  CNF  own  more  defects  [17,26].  To  further  study  the 
defects,  the  composite  on  each  CE  is  characterized  by  Raman 
spectrum.  The  tested  sample  is  collected  on  the  substrate  and  then 
spread  uniformly.  The  relative  intensity  of  folk  means  the  defect 
density  (ds)  [27],  indicating  the  disorder  degree  of  the  carbon- 
based  materials  [8,20,26],  listed  in  Table  3.  The  ds  values  of  the 


CEs  except  CE4  are  much  close,  suggesting  they  are  composed  of 
similar  component,  which  should  be  CNFs  on  the  basis  of  the  above 
results.  In  addition,  those  ds  values  are  bigger  than  that  of  CE4  only 
composed  with  CNTs,  indicating  the  CNFs  own  more  defect  density. 
For  clear  exhibition,  only  the  spectra  of  CE2  and  CE4  are  plotted,  as 
shown  in  Fig.  6. 

4.3.  The  NiS04  and  102  content  effect  on  cell  performance 

4.3. 1.  The  content  effect  on  catalytic  ability 

In  a  working  DSSC  device  with  I3/I3  redox  electrolyte,  a  total 
reaction  is 
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Fig.  4.  The  SEM  images  of  CE1  (a),  CE3  (b),  CE5  (c)  and  CE6  (d)  with  oblique  views. 


3r~IJ+2e-,  (1) 

where  the  forward  and  inverted  processes  indicate  the  oxidation 
reaction  at  photoanode/electrolyte  interface  and  reduction  reaction 
at  electrolyte/CE  interface,  respectively  [23].  In  this  paper,  the  term 
of  catalytic  ability  is  defined  as  the  total  reduction  ability  for  a  CE 
converting  I3  to  r. 

To  study  the  catalytic  abilities  of  the  CEs,  CV  experiments  are 
carried  out  with  the  symmetrical  dummy  cells.  The  catalytic  ability 
can  be  characterized  by  the  inverse  slope  of  the  CV  plots  at  the  zero 
potential  [28].  A  typical  CV  curve  is  composed  of  two  sections  ob¬ 
tained  by  continuously  scan  but  with  inverse  direction.  Generally, 
the  two  sections  are  overlapped  at  0  V  and  a  steeper  tangent  means 
a  better  catalytic  ability  [28].  However,  as  shown  in  Fig.  7,  the  two 
sections  of  every  curve  are  just  much  closed  to  0  V,  similar  to  that  in 
the  literature  [29].  It  is  likely  due  to  the  relatively  bigger  distance 
between  the  CEs.  Even  so,  the  catalytic  ability  can  still  be  repre¬ 
sented  by  the  curve  near  0  V.  Obviously,  the  CE4  reveals  the 
weakest  catalytic  ability  by  its  plainest  tangent.  Additionally,  the 
Jiim  values  are  obtained  by  the  extracted  saturation  currents.  These 
will  be  used  in  the  subsequent  simulation. 


Table  2 

The  CNNC  thicknesses  of  the  nano-carbon  CEs.a 


Ratio5 

^compact  (Hm) 

^porous  (l^rn) 

dcNNC  (l^m) 

CEl 

0.016 

- 

- 

2.0  ±  0.2 

CE2 

0.008 

0.8  ±  0.1 

2.2  ±  0.2 

3.0  ±  0.3 

CE3 

0.004 

1.5  ±  0.2 

1.8  ±0.2 

3.3  ±  0.3 

CE4 

0 

1.0  ±  0.2 

0.0  ±  0.0 

1.0  ±  0.2 

CE5 

0.016 

- 

- 

3.5  ±  0.2 

CE6 

0.024 

0.0  ±  0.0 

4.5  ±  0.2 

4.5  ±  0.2 

a  The  standard  error  are  obtained  by  five  measurements  at  different  locations. 
b  The  concentration  ratio  of  K12  to  NiS04. 


To  distinguish  the  catalytic  ability  clearly,  Tafel  polarization 
curves  are  measured,  as  shown  in  Fig.  8.  The  exchange  current 
density  J0,  obtained  by  the  intersection  of  cathodic  branch  and 
equilibrium  potential  line  [30],  is  extracted  and  listed  in  Table  4.  A 
larger  Jo  generally  means  higher  ability  for  I3  reduction  [30].  Here, 
the  Jo  basically  remains  unchanged  with  the  increase  of  dCompact 
value.  These  indicate  the  compact  layer  cannot  offer  obvious  cata¬ 
lytic  effect,  maybe  due  to  it’s  partly  (CE4)  or  entirely  block  structure 
(CE3),  as  shown  in  SEM  images.  The  Jo  obviously  increases  with  the 
increase  of  dp0rous  or  dcNNC  value,  may  due  to  the  increase  of  cata¬ 
lytic  site  of  porous  layer  [31]. 

To  confirm  the  catalytic  ability  of  CEs,  a  controlled  method  of 
dark  J—V  measurement  is  carried  out  and  the  curves  are  shown  in 
Fig.  2.  With  identical  photoanode  and  electrolyte,  a  large  dark 
current  density  generally  implies  high  catalytic  ability  for  CE 
[19,31—33].  Here,  the  dark  current  densities  of  all  these  cells  show 
a  positively  relationship  with  their  Jo  values,  demonstrating  the  Jo  is 
a  reasonable  parameter  to  reflect  the  catalytic  ability  for  CE. 

To  clearly  reflect  the  catalytic  ability,  the  amount  of  defects  on 
each  CNNC  CE  is  estimated.  On  unit  area  of  substrate,  the  real 
surface  area  (5reai)  of  the  CNNC  can  be  expressed  as  me nnc-Sbet, 
where  the  Sbet  is  the  BET  surface  area.  Then,  the  value  of  Sreai  •  ds, 
denoted  as  Cdefect.  can  be  used  as  a  defect  coefficient  directly 
reflecting  the  catalytic  ability  of  the  CE. 

The  Sbet  reveals  the  surface  area  per  gram  for  porous  materials 
[34,35].  Table  3  lists  the  measured  Sbet  values  and  calculated 
porosities  for  these  CNNC  CEs.  The  Sbet  varies  inversely  related  with 
the  concentration  ratio  of  K12  to  NiS04,  because  the  CNFs  own 
a  relative  small  Sbet  [36,37].  The  CE3  shows  the  smallest  Sbet  value, 
which  is  probably  due  to  its  obvious  block  compact  layer  (Fig.  4  (b)). 

As  shown  in  Table  3,  the  Cdefect  basically  shows  a  positively 
relationship  with  their  J0  value,  demonstrating  the  J0  value  is  really 
a  reasonable  parameter  to  reflect  the  catalytic  ability  for  CE.  The 
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Fig.  5.  The  images  of  typical  CNF  and  CNT  observed  by  HRTEM. 


Cdefect  varies  positively  with  the  5reai  value,  indicating  the  real 
surface  area  offers  dominant  effect  to  the  catalytic  ability  than 
defect  density.  Here,  the  Sreai  basically  increases  with  increasing 
dporous  value.  This  declares  that  it  is  the  porous  layer  which  offers 
the  main  contribution  to  the  catalytic  ability  for  CE.  The  result 
corresponds  with  that  deduced  above. 

4.3.2.  The  content  effect  on  EIS  characteristics 

To  reveal  the  electrochemical  characteristics,  the  EIS  is  devel¬ 
oped  and  the  related  Nyquist  and  Bode-phase  plots  are  shown  in 
Fig.  9  (a)  and  (b),  respectively.  Referring  to  the  equivalent  circuit 
shown  in  Fig.  9  (c)  and  (d),  the  equivalent  resistances  fitted  by 
Zview  software  are  listed  in  Table  4.  The  Nyquist  plots  except  those 
of  CE3  and  CE4  show  typical  spectra,  each  of  which  owns  a  semi¬ 
circle  and  a  beeline.  They  depict  the  interface  electric  response 
of  CE/electrolyte  and  the  electrolyte  diffusion  impedance,  respec¬ 
tively.  And  in  Fig.  9  (c),  they  indicate  the  Rct-CPE2  element  and  the 


ZN.  The  plots  of  CE3  and  CE4  are  special,  each  of  which  has  an  extra 
semicircle  arising  at  the  high  frequency  region.  It  is  modeled  as  an 
added  Ri-CPFi  element  shown  in  Fig.  9  (d).  In  these  elements,  R 
means  charge-transfer  resistance  and  CPE  means  constant  phase 
element.  The  Zn  is  the  Warburg  element. 

The  Rs  reflects  the  ohm  series  resistance  in  the  cell  [38,39].  For 
these  CNNC  CEs,  the  Rs  increases  with  increasing  dCompact  or  dporous 
value,  indicating  a  closely  relationship  with  nano-carbon  thickness. 

The  Ri  may  come  from  the  charge  transferring  in  the  solid-solid 
interface  within  the  carbon-based  materials  [26,29,40].  For  these 
CNNC  CEs,  only  the  CE3  and  CE4  show  obvious  R\  values,  which 
maybe  due  to  their  clear  compact  layers.  On  the  other  hand,  the 
Bode-phase  plots  show  that  the  peak  frequency  of  compact  CNNC  is 
higher  than  that  of  CNNC/electrolyte.  It  means  the  rate  of  electron 
transfer  inside  the  former  is  faster  than  that  at  the  later  [29].  It  is 
likely  due  to  a  high-efficiency  hopping  transfer  mechanism 
between  CNNCs  in  compact  layer,  besides  the  common  tunneling 


Table  3 

The  CNNC  weight,  defect  density,  pore  parameters  and  defect  coefficient  of  the  CNNC  CEs.a 


iTlCNNC 

(mg  cm-2) 

ds 

Sbet 

(m2  g"1) 

Porosity 

Sreal 

(10”3  m2  cm-2) 

^defect 

(10”3  m2  cm”2) 

CE1 

0.30  ±  0.04 

0.97  ±  0.01 

281  ±  5 

0.45  ±  0.05 

85  ±3 

83  ±3 

CE2 

0.34  ±  0.05 

0.97  ±  0.01 

285  ±5 

0.46  ±  0.04 

97  ±3 

94  ±3 

CE3 

0.72  ±  0.06 

0.96  ±  0.01 

125  ±3 

0.27  ±  0.04 

90  ±2 

86  ±  2 

CE4 

0.23  ±  0.03 

0.89  ±  0.01 

295  ±6 

0.50  ±  0.04 

68  ±2 

60  ±2 

CE5 

0.43  ±  0.05 

0.97  ±  0.01 

279  ±5 

0.45  ±  0.05 

120  ±3 

117  ±  3 

CE6 

0.50  ±  0.05 

0.97  ±  0.01 

257  ±4 

0.39  ±  0.08 

130  ±3 

126  ±3 

a  These  parameters  are  all  measured  by  five  samples. 
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Raman  shift/cm 


Fig.  6.  The  Raman  spectra  of  the  CNNCs  on  CE2  and  CE4.  The  Raman  intensities  are 
normalized  to  the  corresponding  G-band  intensities. 

conduction  mechanism  [41].  These  indicate  the  compact  layer 
promotes  electron  transport  by  acting  a  fast-passageway  between 
substrate  and  the  porous  layer. 

The  /^t  is  the  charge-transfer  resistance  for  electrochemical 
reactions,  referring  to  the  barrier  through  which  the  electron  must 
pass  across  the  electrode  surface  to  the  adsorbed  species  or  from 
the  adsorbed  species  to  the  electrode  [42].  Generally,  smaller  Rct 
value  reflects  higher  catalytic  ability  for  CE,  and  the  Rc t  varies 
inversely  with  Jo  [29,30].  However,  this  relationship  is  unobvious 
for  these  CNNC  CEs.  The  measured  Rc t  value  is  possibly  affected  by 
the  compact  layer  with  the  unique  fast-passageway  effect  discussed 
above.  Especially,  the  Rc t  of  CE4  seems  to  be  seriously  affected, 
because  the  CE  is  almost  composed  of  entire  compact  layer.  A 
similar  effect  was  reported  in  the  literature  [29]. 

The  Zn  is  the  diffusion  impedance  of  the  electrolyte  [29].  With 
identical  photoanode  and  electrolyte,  the  total  internal  impedance 
in  DSSC  device  can  be  expressed  as  Rsum  =  Rs  +  R\  +  Rc t  +  ZN 
[19,39].  Here,  the  Zn  or  Rsum  varies  positively  with  the  dcNNG  The 
compact  layer  makes  Rct  unusual,  so  it  may  affect  the  measured 
Rsum  value. 

4.3.3.  The  content  effect  on  J-V  characteristics 

The  J-V  characteristics  consist  of  the  properties  of  Vog  Jsg  FF 
and  PCE.  For  the  CNNC-based  cells  prepared  with  K12,  the  V0c 
varies  inversely  with  Rsum,  because  bigger  Rsum  value  brings  larger 
IR- drop  [43].  Here,  the  Voc  values  of  CNNC-based  cells  generally 
exceed  that  of  Pt-based  cell  (CEO).  The  reason  maybe  the  formal 
potential  of  r/Ff  redox  reaction  on  carbon  electrode  shifted  more 
positively  than  that  on  Pt  electrode  [39,43-45]. 


Voltage/V  Voltage/V 

Fig.  8.  The  Tafei  polarization  curves  of  CEs  with  the  increase  of  dcompact  (left  part)  and 
dporous  values  (right  part).  For  comparison,  the  curve  of  CEO  is  plotted  in  both  parts. 

For  the  CNNC-based  cells  prepared  with  I<12,  the  Jsc  basically 
varies  inversely  with  Rsum,  because  smaller  internal  impedance 
benefits  charge  transport  in  DSSC  device  [45].  Although  higher 
catalytic  ability  (bigger  Jo)  offers  more  opportunity  for  reduction, 
the  over-porous  and  over-thick  structure  here  brings  weak  internal 
impedance  (bigger  Rsum),  then  increases  the  probability  of  charge 
recombination.  The  Jsc  of  Pt-based  cell  (CEO)  exceeds  those  of 
CNNC-based  cells.  This  is  attributed  to  the  mirror-like  Pt  layer, 
which  increases  the  charge  incidence  efficiency  by  photo-reflection 
[8,45]. 

For  the  CNNC-based  cells  prepared  with  K12,  the  FF  varies 
inversely  with  Rsum,  corresponding  with  the  literature  [39,45,46]. 
Here,  bigger  Jo  is  unfavorable  to  the  FF,  because  it  brings  bigger 
Rsum,  as  discussed  above.  In  addition,  these  FF  values  of  CNNC- 
based  cells  generally  exceed  that  of  Pt-based  cell  (CEO).  This  may 
due  to  the  unique  hierarchical  porous  structure  [34,35].  A  related 
simulation  analysis  is  carried  out  in  the  next  section. 

The  cell  with  CE4  prepared  without  K12  seems  unusual  with  the 
special  combination  of  the  smallest  Jo  and  Rsum  values.  The  highest 
Jsc  may  due  to  the  smallest  Rsum  value  as  discussed  above  [45].  A 
possible  explanation  of  a  lower  V0c  is  a  localized  short-circuiting 
between  Ti02  layer  and  CNNC  layer  [40].  The  lowest  FF  is  prob¬ 
ably  due  to  the  very  poor  catalytic  ability  (the  smallest  Jo)  [31,35]. 
These  all  ultimately  due  to  its  unique  structure  of  CE  discussed 
above.  With  a  suitable  combination  of  Jo  and  Rsum,  the  cell  with  CE2 
gives  the  optimal  Voc  Jsc  and  FF,  leading  to  a  high  PCE  closes  to  that 
of  Pt-base  cell. 


4.4.  The  effect  of  CE  architecture  on  carrier  transportation 

To  explore  the  effect  of  CE  structure  on  the  carrier  transport, 
a  mass  transport  model  is  built  for  the  entire  DSSC  device  with  CEO, 


Table  4 

The  exchange  current  density  J0  and  the  fitted  equivalent  resistances.3 


CE 

io(mA 

cm"2) 

Rs(fl) 

Ri  (0) 

Kct(fl) 

ZN(0) 

^sum 

(0) 

CEO 

4.7 

± 

0.1 

18.3 

± 

0.3 

- 

1.9 

± 

0.2 

22.7 

± 

0.2 

42.9 

± 

0.2 

CE1 

4.0 

± 

0.1 

5.3 

± 

0.3 

- 

14.0 

± 

0.5 

23.5 

± 

0.2 

42.8 

± 

0.2 

CE2 

3.6 

± 

0.1 

9.2 

± 

0.2 

8.3 

± 

0.4 

22.7 

± 

0.2 

40.2 

± 

0.2 

CE3 

3.6 

± 

0.1 

14.3 

± 

0.3 

1.0  ±  0.2 

11.5 

± 

0.2 

27.1 

± 

0.2 

53.9 

± 

0.2 

CE4 

0.70 

± 

0.05 

8.2 

± 

0.3 

0.4  ±  0.3 

4.9 

± 

0.3 

20.5 

± 

0.3 

34.0 

± 

0.4 

CE5 

4.4 

± 

0.1 

6.6 

± 

0.2 

- 

10.5 

± 

0.2 

65.5 

± 

0.5 

82.6 

± 

0.2 

CE6 

5.1 

± 

0.2 

12.0 

± 

0.2 

- 

10.8 

± 

0.3 

72.1 

± 

0.8 

94.9 

± 

0.2 

3  The  results  with  standard  error  are  obtained  by  five  samples. 
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Fig.  9.  The  Nyquist  (a)  and  Bode-phase  plots  (b)  with  the  symmetrical  dummy  cells, 
(c)  The  equivalent  circuits  of  the  symmetrical  dummy  cells  for  CNNC  CEs  except  CE3 
and  CE4.  (d)  The  equivalent  circuits  for  CE3  and  CE4. 


2  and  4.  The  cell  approaches  to  a  steady  short-circuit  state  when  the 
external  load  is  fixed  at  0.01  Cl  At  the  short-circuit  state,  the 
concentration  of  r  (or  IT)  in  the  model  medium  is  signed  as  nr  (or 
n\~),  and  its  initial  concentrations  in  model  medium  is  ri\  0  p  (or 
ri\-  o  p).  The  ri\  0  (or  ri\3  0)  indicates  the  concentration  of  r  (or  I3) 


Table  5 

Basic  simulation  parameters  used  for  modeling  the  DSSCs. 


Parameter 

Value 

Electron  relaxation  rate  constant 

104  s-1 

Electron  mobility 

0.3  cm2  V"1  s— 1 

Effective  mass  of  electron 

5.6  me 

Symmetry  parameter 

0.78 

Effective  relative  dielectric  constant 

50 

Difference  of  conduction  band  and 

0.93  eV 

standard  electrolyte  redox  energy 

Incident  spectral  photon  flux  density 

AM  1.5,  100  mW  cm"2 

Roughness  factor  of  Ti02 

1000 

Table  6 

Functional  simulation  parameters  for  the  DSSCs  with  CEO,  2  and  4. 


dc es  (pm) 

d  (pm) 

Jiim  (mA  cm  2) 

D,j  (cm2  s-1) 

CEO 

100.0 

14.0 

8.62 

7.45E-6 

CE2 

106.0 

17.0 

21.70 

1.99E-5 

CE4 

102.0 

15.0 

13.89 

1.22E-5 

only  in  electrolyte  and  the  p  means  the  material  porosity.  The  basic 
simulation  parameters  presented  in  Table  5  refer  to  the  literature 
[23],  and  the  functional  simulation  parameters  shown  in  Table  6  are 
obtained  according  to  the  experiment  results  in  this  paper. 

The  ratio  of  n\  n^-\  or  r\\-  n^0  reflects  the  relative  carrier 
concentration  at  the  short-circuit  state.  It  indicates  the  deviation 
level  of  carrier  concentrations  relative  to  their  initial  concentrations 
in  electrolyte.  As  shown  in  Fig.  10,  the  nr  nf-\  or  nl3  nf-\  distri¬ 
bution  of  CE2  is  the  mildest,  and  those  of  CE4  are  closed  to  those  of 
CEO.  A  smooth  distribution  maybe  means  the  ions  are  not  to  be 
accumulated  near  both  the  electrodes,  and  implies  their  fast 
transport.  Then,  the  order  of  ion  transport  rate  is  CE2  >  CEO  ~  CE4, 
which  is  likely  a  suitable  explanation  for  the  order  of  their  FF  ob¬ 
tained  in  J—V  characteristics.  It  must  be  noted  here  the  transport 
rate  is  relative  to  the  model  medium,  and  it  is  different  from  those 
transport  rates  relative  to  electrolyte  and  photoanode,  which  are 
characterized  by  the  D  and  the  electron  lifetime,  respectively 
[30,47].  As  a  result,  the  transport  rate  in  the  model  medium  is  likely 
co-affected  by  all  modules  in  the  cell,  and  it  can  be  a  visual 
parameter  to  reflect  the  integral  transport  property  of  carriers. 

With  identical  photoanode  and  electrolyte,  the  carrier  transport 
is  just  affected  by  the  CE,  i.e.,  by  Jo  and  Rsum  values.  Elere,  they  are 


(a)  *1 
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T=  0.8 
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0.7 
0.6 
0.5 
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(b)  1.4 
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o%1.0 
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0.6 
0.4 
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Fig.  10.  The  distributions  of  nr  ^  (a)  and  nIs  npg  (b)  in  model  medium  with  CEO,  2 

and  4.  The  d  indicates  the  location  on  x-axis  in  Fig.  1. 
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Fig.  11.  The  growth  procedure  schematic  for  a  typical  CNNC  with  compact  and  porous 
layers  when  the  coated  substrate  is  combusting  in  ethanol  flame. 

both  affected  by  the  c/cnnc  value,  i.e.,  the  architecture  of  CE,  so  the 
fast  carrier  transport  is  ultimately  due  to  the  suitable  architecture 
of  CE. 

4.5.  The  composite  growth  procedure 

Based  on  the  forementioned  characterizations  and  analyzes,  the 
growth  procedure  for  a  typical  CNNC  with  compact  and  porous 
layers  is  deduced.  The  related  schematic  is  illustrated  in  Fig.  11, 
where  the  coated  substrate  is  facing  to  ethanol  flame  with  a  side 
view.  The  compact  layer  part,  porous  layer  part  and  SO*  are  indi¬ 
cated  by  small  black  spirals,  big  gray  spirals  and  red  arrows, 
respectively. 

In  flame,  the  NiS04  and  K12  are  thermally  decomposed.  The 
former  generates  Ni  nanoparticles  and  SOx  gases  (x  =  2,  or  3),  and 
the  latter  produces  carbon  and  SO*  gases  [48,49].  As  inductor,  the 
generated  Ni  impels  the  CNNC  to  grow.  The  generation  and 
movement  of  SOx  make  the  composite  hierarchical  porous.  The 
more  to  the  surface,  the  more  SOx  are,  as  shown  in  Fig.  11.  Thus  the 
composite  in  top  region  is  more  porous  than  that  in  bottom  region. 
Moreover,  the  large  porosity  offers  more  opportunity  for  the  CNNC 
contacting  with  the  carbon  source  [17],  leading  large-size  nano¬ 
structures  forming.  As  a  result,  it  is  the  SOx  gases,  which  impel  the 
top  original  compact  nanostructures  transforming  to  porous 
nanostructures,  i.e.,  the  top  original  compact  layer  transforming  to 
the  porous  layer.  In  addition,  the  generated  carbon  decomposed 
from  I<12  as  an  additional  carbon  source  further  promotes  the 
growth  of  CNNC.  The  above  effect  factors  couple  with  each  other 
during  the  whole  growth  process,  and  they  can  be  adjusted  by 
changing  the  contents  of  NiS04  and  K12.  With  suitable  contents  of 
them,  the  composite  with  coordinating  compact  and  porous  layers 
for  high  performance  DSSC  counter  electrode  applications  is 
fabricated. 

5.  Conclusion 

A  CNNC  with  unique  hierarchical  porous  structure  is  fabricated 
as  effective  DSSC  CE  by  a  simple  and  low-cost  method.  The  fabri¬ 
cation  process  only  employs  spin-coating  and  then  combustion  in 
ethanol  flame.  The  NiS04  is  as  an  inductor  and  the  K12  is  a  facial 
pore-forming  precursor.  With  their  coordination,  the  generated 
CNNC  forms  unique  hierarchical  structure  composed  of  compact 
and  porous  layers.  The  as-prepared  optimized  structure  reveals 
high  catalytic  ability  coupled  with  low  electrical  resistance.  The  PCE 
of  the  resulting  DSSC  device  reaches  6.5%,  which  is  close  to  6.6%  of 
the  referenced  Pt-based  DSSC.  Systematic  characterizations  are 
presented  and  a  mass  transport  model  is  built.  The  simulation 
results  demonstrate  that  the  CE  architecture  is  beneficial  to  carrier 


transport.  The  fabrication  strategy  is  simple  and  effective,  and  it 
provides  a  potential  method  for  DSSC  fabrication  on  a  large  scale. 
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